INTRODUCTION
Abasic (AP) sites constitute a common form of cellular DNA damage, arising from the spontaneous or enzymatic breakage of the N-glycosyl bond and the subsequent loss of a nucleotide base in DNA. The rate of depurination in double-stranded Bacillus subtilis DNA was long ago determined to be 4 × 10 -9 s -1 at 70°C and pH 7.4, with an activation energy of 31 ± 2 kcal/ mol (1) . Extrapolating these numbers to 37°C, it was estimated that approximately 10 000 apurinic sites are formed spontaneously per mammalian genome per day. To add to the burden of spontaneous base loss, AP sites are generated by DNA damaging agents that modify bases and, in turn, destabilize the Nglycosyl bond, promoting hydrolysis. Moreover, many of these modified bases are substrates for repair enzymes, termed DNA glycosylases (2) , that remove modified bases, generating AP sites. It was predicted very early that the high rate of abasic site production requires efficient repair, since baseless sites represent a loss of genetic information and are, therefore, potentially mutagenic or lethal (3) .
If left unrepaired, non-instructional abasic sites promote transcriptional or replicational arrest or error-prone synthesis (3, 4) . Since abasic sites dramatically affect the thermodynamic stability of duplex DNA (5) , it has been suggested that these destabilizing effects may be related to recognition by repair endonucleases and selective nucleotide insertion by polymerases. For instance, it has been demonstrated by in vitro experiments that DNA polymerases preferentially incorporate dA opposite an abasic site (the so-called 'A-rule'), a selectivity that is not fully understood but concurs with the thermodynamic and structural studies of duplex DNA stability (6; see also below).
A single abasic site has a surprisingly strong destabilizing effect (up to 11 kcal/mol) in DNA double helices as determined by spectroscopic and calorimetric techniques (5)-much greater than even the most destabilizing base-pair mismatches (up to 5 kcal/mol; 7, 8) . Moreover, variations in DNA sequence context, both next to and across from an abasic site, give rise to a large 8 kcal/mol range of free energies in the thermodynamic stability of DNA duplexes (5) . In total, these data suggest that an abasic site would be highly disruptive to the local structural stability of DNA in ways that depend on the local sequence context.
The empirically parameterized nearest neighbor theory, which predicts the stability of DNA double helices depending on which bases flank each base (plus an entropic penalty of association), is successful in predicting DNA duplex stability almost certainly because the helical stability strongly depends on stacking and other short-range interactions. Long-range electrostatic interactions, which are a function of ionic concentration, also dictate DNA duplex stability, yet ionic *To whom correspondence should be addressed. Tel: +1 925 422 1540; Fax: +1 925 424 3130; Email: barsky@llnl.gov concentration is a sequence-independent correction in the current nearest neighbor theory (9) .
In light of the deleterious effects of abasic site lesions and their large destabilizing effects on DNA duplexes, the structure of abasic DNA has been the focus of several studies that have employed NMR and restrained molecular dynamics (rMD) structure determination methods (6, (10) (11) (12) (13) (14) . The rMD methods involve restraining, within a molecular dynamics simulation, pairs of protons that NMR-derived NOE data indicate are in close proximity.
Under typical conditions (1-3 mM concentration of DNA, pH 7-7.5, 10-20 mM NaPO 4 , 100-150 mM NaCl, and 0.05-2.0 mM EDTA), the helix of AP-DNA takes on mainly B-form structure (11, 12) , although some A-form character has also been observed (12) . It has also been shown that when purines flank an apurinic site 5′-RXR (R denotes a purine, X an abasic site) the abasic site can collapse, with the orphan pyrimidine residing outside the helix (thus being 'flipped out') (6, 12) . Apparently, only the 5′-RXR sequence has this character. For the sequence 5′-CXC/GTG-3′, one study reported a 30°kink in the abasic DNA, the formation of a bifurcated hydrogen bond of the orphan base C amino group with the O4 oxygen of neighboring T, and a destabilization of adjacent base pairs (12) .
Because abasic sites do not generate gross conformational changes in decamers and larger duplexes, it is has been suggested that subtle structural variations are responsible for the large range of stabilities (5) . Unfortunately, in previous NMR studies of abasic DNA structure, it has proven difficult to resolve the abasic site itself due to the absence of base protons. The position of the abasic sugar and the orphan base have been mainly determined by the application of repulsive, 'non-NOE' restraints for atom pairs where NOE peaks were not experimentally observed. This method may not be reliable because the lack of NOE peaks can be due to conformational or motional exchange. For studies of DNA dynamics, stand-alone molecular dynamics (MD) simulations are needed to supplement the previous rMD simulations. This is due to the restraints of rMD greatly affecting the dynamics (including non-NOE restraints), rMD calculations typically being run for 10-100-fold shorter time periods than unrestrained MD, and the absence of some important features (e.g., explicit water, long-range electrostatics, careful augmentation of the MD force field) in the rMD simulations.
Internal coordinate modeling, supplemented with a continuum electrostatic model of the solvent, is another approach that allows for wide-range conformational searching. This has been used to supplement the structure determination of abasic DNA by NMR/rMD (14) and also to rank a wide variety of conformations of abasic DNA (15) . This method, however, is not well suited for dynamical studies of nucleic acids due to the lack of explicit solvent, which allows for entropy exchange and can play a cavity-filling role.
In this paper we present the first detailed analysis of the dynamics of abasic DNA. These analyses are made possible by carrying out molecular dynamics simulations in which the DNA dodecamers are fully solvated, the electrostatics are long-range, the cations become distributed in a way consistent with electrostatics calculations, and where conditions of standard pressure and temperature are maintained. These simulations are the latest generation of increasingly accurate MD studies of modified and unmodified DNA as discussed in a review by Auffinger et al. (16) . In the following, we compare data from simulations of abasic and unmodified DNA, and also from previous studies using experimental approaches. Our studies indicate unique dynamical features of abasic DNA not previously observed.
MATERIALS AND METHODS
We have performed four independent MD simulations-one of an unmodified DNA duplex and three of the same duplex containing an abasic site. All duplexes are of the same sequence as the unmodified duplex, except for the central G 6 -C 19 base pair. The four simulations are denoted by the letter pairs GC, XC, XC′ and XG, where the first and second letters denote the 6th and 19th 'base' respectively, and where X denotes tetrahydrofuran, a stable analog and isostere to the natural 2′ deoxyribofuranose abasic residue (17, 18) . XC and XC′ differ only by a single number (the seed) used to generate the random numbers required for the simulation. Insofar as the XC and XC′ simulations predict unique behavior relative to the other simulations, the statistical analyses of XC and XC′ should agree. As will be used here, the terms 'abasic', 'apurinic' and 'apyrimidinic' (AP) refer to a DNA molecule missing a nucleotide base, while an 'abasic site' refers to a sugar-phosphate group absent of a base. We use the term 'orphan base' to indicate the base opposite an abasic site in duplex DNA, and 'abasic base pair' to refer to the abasic site and orphan base together. Base pairs are numbered according to the base in the first or top strand (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) .
The DNA dodecamer in the GC simulation was built in canonical B-form using Quanta-CHARMm 4.1 (where the final lower-case 'm' indicates the commercial version) (19) . All subsequent minimizations and dynamics were carried out within the CHARMM (20, 21) program (CHARMM25; 22), using the CHARMM22 all-atom force field for nucleic acids (version 6.5, December 1995) (23) . Twenty-two sodium counter-ions were added at a distance of 6 Å away from each phosphate group along the O-P-O angle bisectors, yielding an electrically neutral system. The resulting coordinates were imported into CHARMM, where the dodecamers were terminated at the 5′ ends by hydroxyl groups and fully solvated by deleting all waters within 2.8 Å of the solute (DNA and Na + ) in a large block (48 × 48 × 68 Å) of pre-equilibrated TIP3 (24) water. The water extended at least 14 Å radially outward and 12 Å above and below the DNA. The abasic site (X 6 ) was created by applying a 'patch' within CHARMM (parameterization details given below); XG was first modified in QuantaCHARMm to convert C19 to G19. Except for these molecular modifications, each abasic system was treated exactly the same as the control (GC).
With the DNA and sodium fixed, 500 steps of steepest descent minimization were applied. Next the DNA alone was held fixed for the first 400 steps of conjugate gradient minimization and then 10 ps of dynamics at 300 K to relax the solvent and ions. With no atoms fixed another 500 steps of steepest descent minimization were applied. Finally, the entire system was heated slowly over a period of 40 ps to 300 K at 1 atmosphere and the dynamics were carried out over an additional simulation time of 1480 ps. We employed rectangular boundary conditions of the dimensions of the solvent block, allowing for at least 24 Å of water between copies of DNA. The dynamics simulations were carried out under constant number, pressure and temperature (NPT), employing the Nose and Hoover strong coupling scheme as implemented in CHARMM25 (25) . A 2 fs (0.002 ps) time step was employed in a leapfrog integration scheme, and all covalent bonds involving hydrogens were fixed by the SHAKE scheme (26) .
Optimization of the CHARMM parameters for the abasic sugar focused on the potential energy surface of the sugar's pseudorotation angle (27) . For a model compound we used tetrahydrofuran substituted with a 3′ dianionic phosphate and a 5′ methyl group. Use of the dianionic phosphate avoids problems associated with the additional degree of freedom due to the proton on monoanionic phosphate. Ab initio calculations at the HF/6 -31 + G(d) level provided target data for the empirical parameterization, which was then employed in an empirical (CHARMM) calculation for comparison. In both the ab initio and empirical calculations, the pseuodorotation potential energy surface was obtained by constraining a single endocyclic dihedral and optimizing the remainder of the system. Following completion of each optimization, the pseudorotation angle was calculated, yielding the potential energy as a function of pseudorotation angle. While this method leads to randomly distributed pseudorotation angles, it has the advantage that the amplitude is allowed to relax, as previously discussed (28) .
Analysis of the dynamics has been carried out using facilities within CHARMM25 as well as the program FREEHELIX (version 98) (29) , which is designed to measure standard geometrical properties of DNA and is especially suited for analyzing DNA bending. The FREEHELIX analysis quantities VALL, VROL and VTIL are the usual bend, roll and tilt values, respectively, determined by vector operations on successive base pairs. The program treats an abasic site as a base pair with only one base. A brief mathematical description of the FREEHELIX analysis is provided as Supplementary Material available at NAR Online.
We employed a modified version of the code called CHFREEHEL98 (N.Banavali and A.D.MacKerell,Jr, personal communication), which reads CHARMM trajectories and produces block-averaged values and their standard errors from the FREEHELIX output. We consistently divided the trajectories into five equal blocks. Although the information in the trajectories can be thus expressed by the averages over all conformations, this sometimes obscures illuminating data and, therefore, for several parameters we have additionally presented time traces or histograms. We have also used single time-averaged structures to compare atomic position fluctuations and some vector quantities. Finally, we made extensive use of the molecular graphics program VMD (30) for visually analyzing the trajectories and for producing figures.
In analyzing hydrogen bonding, we used a geometrical criterion: for a proton-donor (D), proton (P) and proton-acceptor (A) system, a hydrogen bond is said to exist if the P-A distance is <2.4 Å and the D-P-A angle is >120°.
RESULTS

MD parameterization
As mentioned, careful optimization of the CHARMM parameters for tetrahydrofuran, the abasic sugar, was deemed necessary since omission of the base significantly changes the properties of the normally anomeric C1′ atom. In Figure S1 (available as Supplementary Material at NAR Online), we present the pseudorotation potential energy surfaces from both the ab initio and empirical (CHARMM) calculations. Comparison of the ab initio and empirical surfaces show that the overall shapes of the surfaces are in good agreement. The relative energies, as well as the pseudorotation angles, of the northern (~0°) and southern (~150°) minima are well reproduced by the force field. To aid in the optimization of the pseudorotation surface, a new atom type was introduced at the C1′ and C2′ atoms. This allowed for additional flexibility in the optimization without impacting the standard parameters for the sugar in DNA.
Average structures and RMS fluctuations
By saving the atom coordinates every 0.5 ps over 1480 ps, we produced 2960 conformations for each simulation. We examined internal positional fluctuations by performing rigid root-meansquare (RMS) fits of all atoms of each conformation to the starting conformation (B-DNA). The average position of each atom is then computed along with the isotropic RMS fluctuations (RMSF) for each atom (given by the standard deviation of each atom's RMS deviations). In Figure 1 we present the resulting average structures for each simulation, with each nonhydrogen atom color coded by its RMS fluctuations, indicating the degree of internal movement. The GC structure shows the most rigidity, followed by XG, and then the XC simulations. We note all abasic structures are greener around the abasic site in both XG as well as XC and XC′, indicating more flexibility. Both XC and XC′ show more of this flexibility than XG. In all the abasic simulations, the abasic sugar (6th, indicated by an arrow) is highly mobile in strong contrast to the 6th sugar of GC. Quantitatively, the RMSF values-averaged over all atoms of the 5th, 6th and 7th base pairs-are 1.28 ± 0.31, 1.59 ± 0.38, 1.79 ± 0.31 and 1.91 ± 0.38 Å for simulations GC, XG, XC and XC′, respectively. If the atoms of the 6th sugar are not considered, the RMSF averages of XG, XC and XC′ reduced slightly to 1.52 ± 0.31, 1.74 ± 0.29, 1.87 ± 0.36 Å; GC remains unchanged. The increased mobility of the DNA in the region of the abasic sugar in XG, XC and XC′, along with structural distortions (see below), indicate that the presence of an abasic site yields a more 'melted' state of the DNA duplex.
Structural properties with respect to A-and B-DNA
We also performed rigid RMS fits of the non-hydrogen atoms for the central 8 bp (3-10) over the course of all four simulations, relative to canonical A-and B-DNA (not shown). Relative to A-DNA, in the last 300 ps, the RMSD values converged to 3.1 ± 0.3, 2.5 ± 0.2, 2.7 ± 0.3, 3.0 ± 0.3 Å for GC, XC, XC′ and XG, respectively. Relative to B-DNA, in the last 300 ps, the RMSD values converged to 3.0 ± 0.4, 3.2 ± 0.2, 3.3 ± 0.3, 3.4 ± 0.3 Å, respectively. These results suggest that all four DNA duplexes display significant deviations from both canonical A-and B-DNA, but the abasic duplexes tend slightly towards A-DNA (having smaller RMSDs relative to A-DNA).
B-DNA is characterized by 10 bp per helical turn and a near parallelism of neighboring base-pair planes (i.e., small angles between base-pair normal vectors-see the Appendix in the Supplementary Material available at NAR Online). A-DNA is by contrast wider, requiring 11 bp per helical turn, and has larger angles between neighboring base pairs. These differences are readily apparent in a plot of CosX versus CosY (X and Y are components of base-pair normal vectors) which focuses on the orientation of base pairs within the helix, without explicit regard for sugar-phosphate groups. Plots of CosX versus CosY created from the average structures ( Fig. S2 ) reveal that the average abasic duplexes are indeed closer to A-DNA and that the average structure of unmodified DNA (GC) is closer to B-DNA. The plots also show large kinks at the 5-6 step for abasic duplexes as well as at the 6-7 step for XC and XC′. Most of the deviation from B-DNA of the abasic helices (XC, XC′ and XG) occurs near the abasic site, in agreement with experimental observation (12) .
Other A blue arrow points to the 6th sugar (i.e., the abasic sugar in XC, XC′ and XG). Notice that atoms near all three abasic sites show more movement than the same atoms in the control (GC). The 'melted' nature of the region surrounding the abasic site in XC and XC′ is also clearly visible. The average structures were created by performing a RMS fit over all heavy atoms. The isotropic RMS fluctuations were then used to color each atom.
for canonical A-DNA/B-DNA, respectively, as calculated for the canonical forms of GC as built in Quanta (19) . We compared these values to the range of values found within each average helical structure, ignoring the last base pairs at the ends of the helices. For the GC simulation we found that the average twist and rise favor neither A-DNA nor B-DNA, while inclination, propeller twist and x-displacement all are closer to B-DNA (data not shown). Ignoring the abasic site and its immediate neighbors (base pairs 5, 6 and 7), XC, XC′ and XG show very similar average values. Only by inclination is GC (in the range -3 to 7°) closer than the others to B-DNA than A-DNA, while the XC, XC′ and XG are in the range 0-10°. That the unmodified DNA is closer to the A-DNA is consistent with previous MD simulations using the CHARMM22 force field (31) . XG is the most underwound helix with 11.6 residues per turn and lower helical twist angles (12-22°) than the other helices (23-38°), and with rise values of 1.6-2.0 Å, compared with 2.5-3.9 Å for the GC, XC, XC′. XC and XC′ differ most in propeller twist, with 2 to 10°for XC and -5 to -2°for XC′, in agreement with the finding that propeller twist is a "soft structural parameter with little analytical or predictive value" (32) . Finally, all helices showed x-displacement values in the range -3 to -1 Å, which is lower than both canonical forms.
Kinking at the abasic site
Using the FREEHELIX program (Materials and Methods) we looked at bending of the DNA in the four simulations. In Figure 2 we show plots of averaged VALL, VTIL, VROL, which characterize the overall bend, tilt and roll from one base pair to the next, as discussed in the Supplementary Material. The index n is the first base pair of the two base pairs between which these properties are measured. For example, n = 5 denotes 'step 5-6' and indicates VALL, VTIL, VROL between the C 5 -G 20 and G 6 -C 19 base pairs (in GC). All four duplexes undergo some bending at step 5-6. In the case of GC this may be expected since this is a Y-R (pyrimidine-purine) (29, (33) (34) (35) . In XC and XC′, it is both a Y-R step (C 19 -G 20 ) and a Y-X step (C 5 -X 6 ) step. In XG, it is an R-R step (G 19 -G 20 ) and a Y-X step. In light of this data, Y-X steps are also apparently susceptible to alterations in roll.
In GC there are two bends, 11°at step 5-6 and 10°at 9-10, both Y-R steps. In Figure 2 these appear as maxima in VALL, and in Figure S2 , they appear as the longest segments between points. These same bends are also present in the abasic duplexes, although the 5-6 bend is considerably larger in XC (20°), XC′ (26°) and XG (18°) than in GC (11°). Both GC and XC contain roughly three straight segments which roll at Y-R steps while XC and XC′ have additional bends at steps 6-7 and 7-8, which reiterates the melted nature of the region around the abasic residue as observed in Figure 1 . For another diagnostic of overall bends in the DNA, we present matrices of VALL between all base pairs in Table S1 .
The tilt observed near the abasic site is unusual because tilt requires a compression or extension of the sugar-phosphate backbone which in unmodified DNA appears to cost more energy than roll (29, (33) (34) (35) . In the other regions of the helices the bending parameters are fairly consistent across the four simulations. Although the values VALL, VTIL, VROL take on slightly changed meanings at the abasic site (see Appendix in Supplementary Material), VALL is nevertheless the angle between any two base pairs, and therefore one may consider the bending around the abasic base pair. Between base pairs 5 and 7 (step 5-7) we find average angles of 25°, 33°and 18°, for XC, XC′ and XG, respectively, versus 13°for GC. Finally, we point out that the standard errors for VALL at steps 5-6, 6-7 and 7-8 are much larger for XC and XC′ than for GC (Fig. 2) .
Hydrogen bonding
In Figure 3 the probabilities of the Watson-Crick hydrogen bonds along each helix are presented. With a few significant exceptions, similar patterns of hydrogen bonding are evident in all of the MD simulations. The observed probability of all Watson-Crick hydrogen bonds (three for G-C pairs and two for T-A pairs) remained close to 1, except for terminal base pairs and base pairs adjacent to the AP site in XC and XC′. In Figure 3 a graph of all hydrogen bond probabilities shows that with very few exceptions the probabilities of the XC, XC′ and XG hydrogen bonds are nearly all less than or equal to those of GC. This is a further measure of the decreased stability of duplexes containing abasic sites, relative to unmodified DNA. XC and XC′ are very similar except for base pairs 3, 4 and 5 where XC′ shows reduced hydrogen bonding not apparent for XC.
A novel feature of these simulations is that the Watson-Crick hydrogen bonds of the T 7 -A 18 base pair adjacent to the AP site were highly disrupted in simulations XC and XC′ concomitantly with T 7 and C 19 forming frequent and occasionally long-lived non-Watson-Crick hydrogen bonds. As seen in Figure 4 , the T 7 -A 18 base pair displays stable, occasionally shared WatsonCrick hydrogen bonds until~800 ps when the T 7 forms strong hydrogen bonds with C 19 , the base opposite the AP site. The surprising nature of this phenomenon was the original motivation to perform the XC′ simulation, which has initial coordinates identical to XC and differs from XC only in the value used to 'seed' the random number generator at the very beginning of the dynamics simulation. The occurrence and duration of the hydrogen bonding, including the C-T hydrogen bonding, was similar but not identical in both simulations. The exchange of hydrogen bonds was a highly localized anomaly; the hydrogen bonding of the rest of the helix is comparable to the GC simulation. This effect also appears to be highly sequence dependent. When C 19 is replaced by guanine in the XG simulation, T 7 retains Watson-Crick hydrogen bonding with A 18 for the entirety of the simulation and forms shared, The occurrence of meta-stable C-T hydrogen bonds gave cause to analyze the degree of shared hydrogen bonds elsewhere, but nearly all hydrogen bonding probabilities between base pairs were ≤0.03 (3%), with only a few exceptions, and none of which occurred in GC. In two other C-T interactions, we found a probability of 7% for (C 9 )N4-H4...O4(T 17 ) in XC, and 10 and 9% for (T 4 )O4...H4-N4(C 22 ) and (T 4 )N3-H3...N3(C 22 ) in XC′, respectively.
Sugar orientation
Another novel feature of the abasic simulations is the 'flipping' of the abasic sugar out of the helix and into the minor groove. Figure S3 shows the fan-like motion of the abasic sugar (XC) compared with the much less mobile non-abasic sugar (GC). In Figure 5 we present a histogram of the dihedral angles θ n , given by C1′ n -C4′ n -C4′ n+1 -C1′ n+1 , over the last 1000 ps of the simulations. The degree of flipping is estimated by the differences between two successive dihedrals θ n -θ n+1 . We see that the abasic sugars (5,6) are characterized by larger average differences θ n -θ n+1 as well as larger fluctuations. In Figure S4 , we present this sugar flip dihedral as a funtion of time for all the outlying cases from the GC, XC, XC′ and XG simulations. Most of the sugar flipping into the minor groove takes place after~1 ns of dynamics, especially in the case of XG as discussed below. This indicates the need for trajectories on the nanosecond timescale.
Dimensions of abasic site
To investigate the changes in width across the abasic site, we examined C1′-C1′ and C4′-C4′ interstrand distances across the central six base pairs for all four simulations. As seen in Figure 6 both atom-pair distances are on average larger and display much larger fluctuations for abasic DNA. We expected the C1′-C1′ distances to reflect mainly the flipping out of the sugar, while the C4′-C4′, sitting directly on the DNA backbone, was expected to reflect the shifting in and out of the sugar, independent of the flipping. Surprisingly, the large fluctuations in C1′-C1′ distances are highly correlated with equally large fluctuations in C4′-C4′ distances, indicating that when the abasic sugar flips out the abasic backbone also shifts out. The large transition at 1000 ps in the XG simulation is concomitant with the flipping out of the abasic sugar (see Fig. S4 ). Close examination of the trajectory reveals that the flipping out is associated with increased numbers of water molecules in the abasic gap (see below).
Solvation of the abasic site
We investigated the solvation of the abasic site by calculating radial distribution functions, g(r), of water protons around several atoms (not shown). The polar O4′ oxygen of the abasic sugars were all more solvent exposed than O4′ of the equivalent Figure 5 . Average values and standard deviations of the sugar flip dihedrals for sequential pairs of sugars over the last 1000 ps of all simulations. Sugar flip dihedrals θ n have been defined by the dihedral angle C1′ n -C4′ n -C4′ n+1 -C1′ n+1 where n is the first sugar and n + 1 the next sugar in the sequence. Successive differences (θ n -θ n+1 ) can be useful to indicate the extent to which each sugar is flipped out. 'XX' data is from a simulation of tandem abasic sites in DNA using the same sequence and protocol (unpublished results). The abasic sugars remained extrahelical for the entire XX simulation, and therefore the average values around the abasic sites could be used to define a flipped out sugar:
6th sugar in GC. The water-proton coordination numbers for the 6th sugar O4′ atom, using a first shell cutoff of 2.5 Å is 0.6 for GC and 1.1 for XC. To investigate the role of solvation in the transition near 1000 ps in the XG simulation from an intrahelical sugar to an extra-helical sugar (Fig. 6) , we computed the g(r) and coordination numbers for the periods 0-1000 ps and 1040-1480 ps separately. The coordination numbers increase from 1.0 to 1.3, respectively, suggesting that the sugar is slightly more favorably solvated in an extrahelical orientation. Similarly the sugar O4′ coordination numbers for XC′ increased from 1.1 to 1.4 for the two periods 40-720 ps and 960-1200 ps, where the abasic sugar was mainly intra-helical and extra-helical, respectively (compare with Fig. S4 ). The population of water protons around the amino nitrogen N2 of the orphan base G 19 of XG also increases in the sugar-flippedout period, increasing from 0.3 at 3 Å, to 0.6. (For reference the water proton coordination number of N2 for a terminal base, G 13 , is 1.1 at 3 Å.)
We also undertook a visual inspection of the water structure near the abasic site for which representative snapshots of water around the XC and XG abasic sites are shown in Figure 7 . Water penetrates the apurinic (XC) site while the sugar remains inside the helix (Fig. 7 , XC at 750 ps), but not while the orphan base C 7 hydrogen bonds with the neighboring thymine T 7 (XC at 1000 ps). The flipping of the apurinic sugar (XC) appears to be independent of water penetration, but water only penetrates the apyrimidinic site (XG) when the abasic sugar is flipped out. In Figure 7 (XG at 1400 ps) we see the XG abasic sugar flipped out along with a channel of water through the abasic site. In lieu of water filling the abasic gap for XG, the abasic sugar pushes in somewhat, and a neighboring base (C 5 ) sometimes rolls over (Fig. 7, XG at 250 ps) or, rarely, pushes up to hydrogen bond with G 19 (only 3% of the time). In Figure 6 we see that the C1′-C1′ and C4′-C4′ distances of XG are reduced by a few Angstroms on average until~1000 ps when the sugar flips out and, as observed from the trajectory, water fills the gap. 
Intraphosphate distances
Along each strand the intraphosphate distances for the central six steps are~6.6 ± 0.3 Å (± standard deviation). The one exception to this was at step 19-20, across from the abasic site, where there was a decrease of >0.5 Å in the interphosphate distances for abasic DNA and larger than usual standard deviations. For step 19-20, we found 6.8 ± 0.2, 6.2 ± 0.5, 6.1 ± 0.5 and 5.8 ± 0.3 Å, for GC, XC, XC′ and XG, respectively, indicating a collapse around the abasic site.
Sugar puckering
In Figure 8 , histograms of the ribose pseudorotation angles for the central six base pairs have been collected for the CG, XC, XC′ and XG simulations. Angles near C 3 ′-endo (~18°, N, northern) are associated with A-DNA (36,37), while angles near C 2 ′-endo (~162°, S, southern) are associated with B-DNA (33, 37) . It should be noted that B-DNA can also take on puckers close to C 3 ′-endo (38) . Unique to the simulations performed here is that all the abasic sugars (base 6) display broadly distributed pseudorotation angles, tending towards northern and including negative values completely absent for any other sugars in the simulations. Although T 7 has been observed to hydrogen bond with C 19 in XC and XC′ simulations, the pseudorotation angles appear unaffected for base 7. The sugar of base 19, across from the abasic site, displays a northern conformation while sugar 19 in the unmodified DNA (GC) favors a southern conformation. Any conclusions, however, are complicated by the observation that the sugar of base 21 is mainly northern for all simulations.
Dihedral angles
The sugar-phosphate backbone dihedral angles for the nth base are defined as follows (37, 39, 40) .
By creating histograms of the dihedral angles along the backbone for the central six base pairs (Fig. S5) , we found a few anomalous distributions associated with the abasic DNA, but not necessarily with the abasic site. In all simulations crankshaft motions involving α, γ and sometimes β occurred during the simulation for some central sugar-phosphates. In both the XC and XC′ simulations, the 6th α alone dropped by~100°, independent of the other dihedrals for an~200 ps period, but the relative brevity of these interludes and the lack of such behavior in the XG simulation, cast doubt on the significance of these deviations.
DISCUSSION
Dynamical structure of abasic DNA
Previous studies have indicated that abasic site disturbances, both in terms of structural and destabilizing effects, extend beyond the abasic site (5, 6 ), yet do not radically alter the overall helical conformation of the DNA. Our simulations are consistent with these observations. Through these dynamics studies we saw an increased motion of the abasic duplexes relative to the control, especially near the abasic site (Fig. 1) , and we also observed reduced hydrogen bonding probabilities (Fig. 3) , indicating reduced stability for the abasic DNA.
We shed less light on the issue of whether AP-DNA is closer to A-versus B-DNA because the control simulation GC shows characteristics of both A-and B-DNA and some of neither. In fact, it has been previously noted that the CHARMM22 force field shows a slight tendency towards A-DNA by various measures including the appearance of C 3 ′-endo sugar puckers (31, 41) . Nonetheless, in terms of writhe and bend the abasic duplexes show somewhat greater A-form character than the control GC duplex (Fig. S2) , which is in agreement with experimental evidence (12) . In addition, the sugar puckering of the abasic sugar is well distinguished from the base-attached sugars by being very broadly distributed about the north/northwestern pseudorotation angles (Fig. 8 ). This contradicts a common view that sugar puckering dictates the structure of the helix backbone, but concurs with the notion that sugar puckering is a rather passive element in DNA structure.
The dynamical properties of AP-DNA observed here suggest that there are qualitative differences between different sequences and these differences may correlate with differences in thermodynamic stability. Proximal to the abasic site there is significant kinking in all abasic duplexes, but the distortion effects are highly dependent on the sequence context of the abasic lesion. This has also been seen by minimization modeling techniques (15) . By comparing 5′-CXC versus 5′-GXG lesions, it has been experimentally determined that the orphan base matters less than the sequence context flanking the abasic site (5). Our study, examining only 5′-CXT lesions seems to point to both context and orphan base as determinants of structure and stability differences. In Figure 1 , the qualitative difference between XC or XC′ and XG is striking, and if we make a direct correlation between the relative stability of the abasic damage and the degree of internal motions observed (RMSF values), we can predict that the stability ordering of our duplexes would be GC > XG > XC (XC′). Although the sequences 5′-CXT/ACG-3′ (GC), 5′-CXT/AGG-3′ (XG) and 5′-CXT/ACG-3′ (XC) have not been studied thermodynamically, they are of the form 5′-YXY (Y is a pyrimidine), and may be compared with other 5′-YXY sequences, namely the 5′-CGC/ GCG-3′, 5′-CXC/GGG-3′, 5′-CXC/GCG-3′ sequences that were studied by Gelfand et al. (5) . The stability ordering they found is the same as that infered from our simulations here, with differences in thermodynamic free energies of 8.3 and 11.3 kcal/ mol, respectively, relative to the unmodified 5′-CGC/GCG-3′ duplex. The latter value is the largest destabilization energy of duplex DNA reported to date (5) .
In lieu of detailed structural and dynamical data, three hypotheses have been put forward by Gelfand et al. to address the issue that the gap left by the missing base must somehow be filled (i.e., nature abhors a vacuum) within an otherwise mainly B-form helix (5). The hypotheses were: (i) the void yielded by the missing base is filled with water; (ii) the void is filled by an inward shift of the abasic sugar toward the helical axis; (iii) the orphan base flips out of the helix, and the abasic site collapses, allowing the flanking bases to stack. The baseflipping possibility (iii), occurs for some RXR sites (6), but is not observed experimentally for YXY sequences (10,12) such as those investigated here, and was therefore not expected to occur, nor did it occur, in our simulations. The remaining two hypotheses can be directly addressed by these simulations.
Concerning the first hypothesis, we found that water molecules can indeed fill the abasic gap in all abasic simulations, forming a hydrogen-bonded chain through the gap from major to minor groove. In the XC pair of simulations (XC and XC′) this water chain persists independently of the positioning of the abasic sugar (Fig. 7 , XC, 750 ps) and is interrupted only by the formation of a C-T pairing across the abasic site (Fig. 7, XC, 1000 ps) , which is a gap-filling measure that has not been previously suggested. In XG the 2-amino group of guanine, together with the abasic sugar, blocked the formation of a major-to-minorgroove water chain for the first 1000 ps, while water molecules maintained hydrogen bonds to the major and minor groove sides of the 2-amino group (Fig. 7, XG, 250 ps) . After 1000 ps the abasic sugar flipped out, and water consequently filled the gap (Fig. 7, XG, 1400 ps) . Thus, the abasic gap was sometimes water-filled (both XC pair and XG), partially sugar-filled (XC pair and XG), and sometimes neighboring base-filled (XC pair). Water penetrated the apurinic (XC pair) abasic base pair, independently of the flipping of the abasic sugar, whereas water only penetrates the apyrimidinic base pair (X-G) when the abasic sugar is flipped out. Since the abasic sugar in XG did not return to an intra-helical position, one may speculate that the extra-helical sugar (and intrahelical water) constitutes a lower energy configuration, but this must be explored outside of the present study.
With regard to the second hypothesis, the abasic sugars do shift inward in all three abasic simulations but again, we see significant differences between the XC pair of simulations and the XG simulations. In XG the abasic sugar is either shifted inward (Fig. 6 , first 1000 ps) or flipped out (after 1000 ps). In both XC and XC′ inward shifts occur intermittently (Fig. 6) , independent of the abasic sugar flipping out (see also Fig. S4 ). Thus, when the sugar is not flipped out, it tends to shift inward but not completely so (see below).
We also observed instances in all abasic simulations where the sugar twists so that the ring lies more parallel to the neighboring bases, implying a favorable hydrophobic interaction. With both the apurinic and apyrimidinic lesions, we observed incomplete space-filling of the gap. In some instances there occurred a vacant, water-sized gap, wider than that seen in Figure 7 (XG, 250 ps). It is unclear whether this is due to the hydrophobic nature of the tetrahydrofuran (Fig. 7, XC, 750 ps) , helical strain or, for XG, the solvent inaccessibility of the amino nitrogen (Fig. 7, XG, 1400 ps) . The incomplete filling of the gap may cost one to several kilocalories per mole (42) , and may drive the sugar to flip out in the XG simulation. Such solute-solvent and solvent-solvent interactions suggest a source of thermodynamic instability, a possibility that merits further investigation.
In asking what role solvation plays in the abasic sugar flipping out, we investigated the solvation of the sugar oxygen (O4′) and the amino nitrogen of guanine. We have seen that water can penetrate both the apurinic (X-C) and the apyrimidinic (X-G) base pairs. Radial distribution functions of water protons relative to the polar O4′ show that the abasic sugars are more thoroughly solvated, regardless of water penetration. We also found slightly more first-shell solvent protons around O4′ for the flipped-out sugar (1.1 solvent protons, in a 2.5 Å shell) than the intra-helical sugar (0.6 solvent protons). This suggests that formation of an unmodified duplex DNA, while highly favorable in terms of stacking interactions, is slightly unfavorable in terms of sugar solvent interactions. Thus, solvation may play a role as well as the entropic/steric effect of a partially filled gap, in causing the flipping out of the abasic sugar.
It has been proposed that the intra-strand phosphate-phosphate distances of the abasic site, relative to unmodified DNA, may be the primary determinant in destabilizing abasic sites in DNA duplexes (5) . We found that only the 19-20 step, across from the abasic site, showed a significant intra-strand P-P decrease (~0.6 Å) in all abasic DNA simulations relative to unmodified DNA. The role of P-P distances may not necessarily be relevant to stability, however. For abasic sites consisting of only an ethyl linkage between phosphates (one less carbon than tetrahydrofuran), there was only a 0.2 kcal/mol change in stability (43) versus at least 3 kcal/mol (up to 11 kcal/mol) for abasic DNA (5) .
Of the many unusual conformations we observed in these simulations, we present two stereo views of 'illustrative' distortions (Fig. S6) , including bending (kinking) in XG (top), and the sugar flip and the C-T hydrogen bonding in XC (bottom). In the snapshot of XG one may observe phosphates 5 and 6 (on each side of the abasic sugar) only 5.5 Å apart while two sodium ions appear close to the phosphate groups.
Integrating the sugar flipping, helical width fluctuations, and solvation results with their physical interpretations, we find that the structure of the abasic base pair is coupled to the surrounding water. Sequence-dependent effects that may contribute to differences in thermodynamic stability include hydrogen bonding of orphan base and disruption of neighboring base pairs, as well as cavitation strain due to the intermittent presence of gaps in the helix. Solvation-free energy differences may also play a significant role.
In this study we have employed the prototypical abasic residue, tetrahydrofuran (X). For biochemical, thermodynamical, structural and computational studies, the stable, non-racemic nature of tetrahydrofuran has made it the preferred substrate over the natural abasic residue which exists as an equilibrium mixture between four species-the two hemiacetal enantiomers (α-and β-2-deoxy-D-ribofuranose) and the ring-opened aldehyde and hydrated aldehyde forms (13 and references therein)-which are subject to a β-elimination reaction that results in DNA strand scission (44) . Nevertheless, there have been some interesting structural differences reported for natural AP sites including NMR evidence that the β form of the sugar remains intrahelical while the α flips out (11) , and also differences in helical structure between the α and β forms in dA tracts (13) . An additional form of chemical abasic damage, 2-deoxyribonolactone, results in an unkinked double helix (45) . It should therefore be fruitful to examine the effects of chemical differences on DNA structure in future work.
Unique base pairing within abasic DNA
We have observed that in regions not immediately adjacent to the abasic site, the pattern of base-pair hydrogen bonding is Watson-Crick, but the persistence is consistently reduced for helices containing an abasic site. Next to the abasic site the hydrogen-bonding pattern depends greatly on the orphan base and sequence context, with the orphan cytosine forming longlived hydrogen bonds with a previously base-paired thymine (Fig. 4) . On the other hand, an orphan guanine forms only very transient hydrogen bonds with a neighboring cytosine-no more than the typical shared hydrogen bonds that we observed in unmodified DNA.
It is interesting that the C-T base pairing across the abasic site persists for relatively long times in these simulations. At 25°C C-T mismatches are among the least stable double helix pairings; they are at least 1 kcal/mol less stable than G-A, G-G and T-G pairs, and several kcal/mol less stable than an omitted base pair in a 9mer double helix (7) . It may be postulated that the C-T base pairing is driven by the destabilizing effect of an unpaired pyrimidine in this context. Based on the similar amount of sampling of the two states in the current simulations it appears that the C-T paired/A orphaned arrangement (Fig. 4 , right side) is roughly as stable as the A-T paired/C orphaned arrangement (Fig. 4, left side) , although additional studies are required to give a better indication of the relative stabilities. The flipping out of the abasic sugar was not correlated with either arrangement.
A single, bifurcated hydrogen bond between the C 5 amino protons and the O4 of T 17 was previously suggested by NMR/ rMD modeling in a 5′-C 5 XC/GT 17 G-3′ context, where the participating cytosine remained base paired with guanine (12) . It should be emphasized that the bifurcated hydrogen bond involved an unbroken G-C base pair adjacent to the abasic site, which is very different from the hydrogen bonds between T 7 and C 19 here. The C-T hydrogen bonding seen here, although postulated (46), has not been previously observed, but was recently shown to be a stable arrangement by quantum chemical calculations (47, 48) . Earlier, a water-mediated arrangement was seen in an RNA duplex, where the N4-H4(cytosine)...O4(uracil) bond occurred (as here), but where the ring nitrogens were bridged by a water molecule (49) . To our knowledge, this is also the first example of a stable (hundreds of picoseconds) exchange of hydrogen bonds in a DNA double helix within a molecular dynamics simulation.
Implications for abasic site recognition
While there is evidence for a recognition mechanism in the endonuclease IV (endo IV) family (50) , at the time that this article was submitted for review, the source of abasic recognition within the family of AP endonucleases containing Escherichia coli exonuclease III (exo III) and the mammalian AP endonuclease (Ape1, Hap1) was largely unknown. Although analogies can be made between abasic DNA and bulged DNA (12) , recent experiments in abasic site recognition have not supported the notion that Ape1 recognizes structural features such as a flipped out extrahelical base (also called a 'bulge') (51). These results, together with experiments implicating certain loops of exo III in AP-DNA specificity (52) and biochemical data indicating a conformational change in DNA upon endonuclease binding (53, 54) , suggest that the loop domains may be involved in twisting or bending the AP-DNA substrate according to a flexibility unique to the abasic site. Our results from molecular dynamics simulations, as well as previous AP-DNA structural studies (6, (10) (11) (12) (13) (14) (15) , support our previous hypothesis that unique structural dynamics of AP-DNA permit targeted recognition (51) .
While this article was under review for publication, a crystal structure of AP-DNA bound to the Ape1 enzyme, determined at 2.95 Å resolution (55), was published. The DNA in that co-crystal structure shows an overall bend of~35°at the abasic site, a partially unstacked orphan base, a highly flipped-out sugar, a widened minor groove (more A-like), and a large 'S'-shaped kink in the backbone around the abasic site. Gratifyingly, there is strong qualitative agreement between the structural properties presented here and those in the co-crystal structure. The degree of DNA helix distortion, however, is larger in the co-crystal than in any of the conformations we sampled, particularly in the extent to which the abasic sugar is flipped out and backbone is kinked (D.Barsky, unpublished results). The sugar flip angles, for example, are~60°beyond the most extreme angles that we observed, with the abasic sugar in the co-crystal ending up in the major rather than minor groove. [We compared our structures to the DNA coordinates in entry 1DE8 of the Protein Data Bank. The sugar flip angles in the crystal structure around the abasic sugar (coincidentally also 6th in the helix) are -180°a nd 266°for steps 5-6 and 6-7. These can be compared with the angles reported here (Figs 5 and S4 ).] To the extent to which we have reliably sampled the solution-state conformations of AP-DNA, these deviations suggest that the protein plays an active role in generating the bound conformational state of AP-DNA, and that the binding occurs by an induced-fit mechanism. Although it is tempting to conclude that the Ape1 enzyme recognizes DNA double helices with a flipped-out sugar, it should be pointed out that the Ape1 enzyme also recognizes acyclic AP-DNA where the abasic site consists of only a C5′-C4′-C3′ carbon chain (56) . Combining the earlier work (51 and references therein) with the present study allows an interpretation of the recent crystallography data (55) whereby recognition of AP-DNA by Ape1 is mediated by the unique structural flexibility of the target DNA substrate.
It is interesting to consider the possibility that the structural differences we observed between XG and XC translate into differential recognition by enzymes that repair abasic DNA. Recently, a study examining endo IV activity showed a clear DNA sequence dependence for long, 35mer duplexes (50). It is not known whether the Ape1 family of endonucleases is completely non-specific with regard to sequence recognition. Nevertheless, the sequence context chosen here is identical to one previously used to examine the incision activities of Ape1 (56) , where the base opposite (i.e., XC versus XG) was found to have little effect on the V max of the enzyme. This finding suggests that the structural differences seen between XC and XG reported here play a small role in the overall activity of Ape1, as compared to the dramatic differences between abasic and unmodified DNA.
The results presented here demonstrate the potential of combining experimental data with empirically and theoretically derived force fields to yield completely new observations of biomolecules. We began with the knowledge from NMR studies that this abasic lesion should not result in a flipped-out base and that the damaged helix should be close to B-form DNA. The use of several simulations to look for differences between abasic and unmodified DNA, and the repetition of one simulation to look for significance, has revealed a wealth of new information. MD simulations on a time-scale~1 ns have revealed atomistic motions and correlations between motions that are available neither from crystal structures nor from NMR, including the exchange of hydrogen bonds between A-T and C-T, the flipping out of the abasic sugar, the distribution of abasic sugar puckering angles, the water-packing of the abasic site, and the relationship of DNA sequence to all of these phenomena.
